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Summary
The measurement of the physiologically active form of the plasma 
calcium, the ionised fraction, presents severe technical problems. If 
non-protein bound calcium has to be separated from protein-bound calcium 
prior to analysis then artefactual dissociation of calcium proteinate 
might be minimized by the use of appropriate buffers, constant temperature 
environments and continuous flow automatic techniques. The latter 
techniques call for (a) a suitable mechanism to separate non-protein 
bound calcium from serum in a flowing stream ana (b) an appropriate 
means of detecting calcium continuously. The purpose of this work 
has been to explore the possibilities of fulfilling these two 
requirements.
A review of the literature led to the conclusions that ionised 
and albumin bound calcium constitute approximately 85% of the total 
plasma calcium and that bound calcium is only loosely associated with 
plasma proteins. Also*, no reasonable method is available at present 
for the measurement of r,on-protein bound calcium in the routine clinical 
chemistry laboratory.
The possibility of using radioactive isotopes as tracers for 
calcium in a flowing stream was explored by examining the properties 
of commercially available flow cells. A new concept in continuous flow 
counting was also developed.
The problem of separating non-protein bound calcium from 
serum in a flowing stream was approached in two ways. It was 
shown that gel filtration of serum resulted in the complete 
dissociation of calcium from proteins. However, separation was
2
achieved using continuous flow dialysis. It was concluded that 
continuous flow dialysis may form the basis of a technique for the 
measurement of unbound serum calcium.
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Chapter 1.
The Separation and Measurement of Non-Protein Bound Calcium;
A Literature Survey.
This chapter is divided into four sections; 1, a brief 
description of the calcium content of human plasma; 2, calcium- 
protein interactions; a survey of results obtained by and factors 
which influence the ultrafiltration of calcium from plasma and, 
finally, 4, a review of other methods which have been applied to the 
separation and/or the measurement of the plasma calcium fractions.
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Section 1.
Plasma Calcium
The normal plasma calcium concentration in man ranges from 
9.0 to 10.5 mg. per 100 ml. (Fourman and Royer, 19&8). This 
"endogenous” calcium is transported in the blood stream in three 
distinct forms which are in chemical equilibrium (Walser, 19&1)*
These three fractions are the ionised, the protein-bound and calcium 
which is completed with organic substances.
The ionised calcium accounts for about 55 to 60% of the total 
plasma calcium. A small proportion exists in the form of ion pairs 
with phosphate and sulphate; that is, ionised calcium which is 
effectively undissociated (Smith, 1958).
Approximately 35 to k-0?o of the plasma calcium is bound to proteins. 
Three quarters of this fraction is normally bound to albumin while the 
other quarter is bound to globulins (Neuman and Neuman, 1958;.
The rema.muer of#the plasma calcium is complexed with bicarbonate, 
citrate and phosphate anions. The ionised and complexed calcium 
together constitute the diffusible cr the ultrafilterable fraction of 
the plasma calcium.
The physiologically active form of the plasma calcium is the 
ionised fraction (McLean and Hastings, 1935; Paupe and Saint-Martin,
1 9 6 7 ) , the concentration of which is determined by both the total calcium 
concentration and by mass law equilibria within the plasma. The major 
physiological mechanism governing the total plasma calcium concentration 
is the balance between the accretion and resorption of bone calcium 
(Howard, 1957), processes which are regulated through the actions of
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hormones secreted by the parathyroid arm thyroid glands (Fourman and 
Royer, 1966; Aliapoulios, 1969)*
The ionised calcium concentration is raised in hyper- and 
reduced in hypoparathyroidism (Fanconi and Rose, 1958). Very, 
rigorous diagnostic procedures are required for the identification of 
hyperparathyroidism and the majority of patients suspected to be 
suffering from this disease are almost symptomless (Fourman and Royer,
1968). The plasma calcium concentration may be raised only inter­
mittently and must also be interpreted in the light of the plasma 
protein concentration. The plasma inorganic phosphate may be low but 
often falls within the normal range. Thus, there is a considerable 
clinical need for a reliable procedure for the routine estimation of 
ionised calcium. Such a measurement would also be useful in cases 
where a normal ionised calcium concentration coexists with an abnormal 
total calcium concentration due to an alteration in the serum protein 
content (e.g. Nephrotic.Syndrome).
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Section 2.
Calcium-Protein Interactions ,
The relationship between calcium and protein in plasma was 
first placed on a quantitative basis by McLean and Hastings (1935) 
who found that, to a first approximation, calcium obeyed a simple 
mass law equation of the form:
(Ca++).(Frot= ) _ v  —  ----— - n,
(CaProt)
where (Ca**) was the ionised calcium concentration; (Prot=) the 
concentration of "dissociated- base combining groups of protein”;
(CaProt) the concentration of calcium bound to protein and K, the 
equilibrium constant for the calcium-protein reaction. In this 
formulation, it was assumed that the protein molecule behaved as 
though it were composed of a series of negatively charged divalent 
ions. McLean and Hastings obtained a value of ,2.22 mM. per Kg. ^ 0  
for the negative logarithm of K (p^Qaprot)*
This representation of calcium-protein binding has been verified 
for reactions between calcium and purified proteins (Chanutin et al, 
1942; Peterson and Crismon, 196l) and although Masket et al.(l942) 
concluded that the equilibrium between the serum proteins and calcium 
was too complex to be interpreted by a single mass law relationship, 
koken et al. (i960) have confirmed the value for pKQapro .^ quoted above. 
Evidence has been presented which demonstrated that the above relation­
ship also applied to in-vivo calcium-protein interactions (Howard et al., 
1953; Terepka et al.. 1958). Both Neuman and Neuman (1958) and Lloyd 
et al.(1962) concluded that the McLean and Hastings formulation 
accurately described the protein binding of calcium in most normal sera
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and in several disease states. However, some workers, notably 
Lloyd and Rose (1958), thought that parathyroid hormone itself could 
reduce the ability of plasma proteins to bind calcium.
Several observations lead to the conclusion that the rate of 
reaction between calcium and protein is rapid. For example, Carr (1953) 
showed that when the concentration of one of the components of a 
calcium-bovine serum albumin solution was altered, the new equilibrium 
was established in less than five seconds. The in-vitro equilibration 
of Ca^ with enoogenous serum calcium was attained within a few 
minutes (Visek et al.t 1953)* Irving (1957) showed that simple dialysis 
led to the rapid removal of calcium from serum proteins. Katz and Klotz 
(1953) demonstrated by equilibrium dialysis that the binding of calcium 
in purified albumin solutions was easily reversible. It has also been 
shown that protein-bound calcium can be completely removed from serum 
by the progressive addition of an ion exchange resin (Klement, 1950).’
Protein binding nf calcium in vivo has been investigated using 
Ca^5 (Armstrong et al., 1952). It was concluded that the protein 
binding of calcium did not impede the transcapillary movement of 
calcium and that the redistribution of calcium between the ionised and 
bound forms was rapid. Indeed, Veal and Parsons (1964) thought that 
calcium bound to protein was so labile that for the purposes of 
compartmental analysis of data obtained from whole body Ca^7 tracer 
studies, the protein-bound and ionised calcium, fractions of plasma 
could be regarded as a single entity.
Although the effects of pH and temperature on calcium-protein 
interactions have received much attention (see Section 3), the
importance of ionic strength has not always been appreciated 
(Neuman and Neuman, 1958). Increases in ionic concentration have 
been shown to increase considerably the dissociation of calcium 
proteinate (loken et al. i960). Thus, in measurements concerned 
with the protein binding of calcium it is imperative that ionic 
strength be controlled.
Section 3«
Ultrafiltration in the Separation of Plasma Calcium Fractions 
Ultrafiltration techniques have been applied to the separation 
of protein-oounu and ultrafilterable calcium and have provided much 
information on the relative contributions of these two fractions to 
the total plasma calcium concentration. Ultrafiltration can be considered 
as a sifting process carried out in an aqueous medium under the influence 
of an external pressure (Ambard and Trautman, i960). Normally, the 
sieve is a semi-permeable membrane in which the membrane pores restrict 
the passage of large solute molecules according to their size. However, 
this interpretation is a considerable oversimplification of the physical 
processes involved (Pappenheimer, 1953)*
The fluid bathing the tissue cells of the body is, in effect, 
an ultrafiltrate of plasma, the calcium concentration of which is equal 
to that of the diffusible fraction of the plasma calcium (after making 
due allowances for the. Eonnan effect and for the small protein concen­
tration in interstitial fluid). Thus, ultrafiltration would appear to 
be an appropriate technique for the separation of ultrafilterable calcium 
from plasma. However, the external pressures applied in such methods have 
to be about ten times the mean capillary hydrostatic pressure to obtain 
sufficient ultrafiltrate in a reasonable time and consequently, the 
method is not a true reflection of physiological conditions. Nevertheless, 
various workers have shown (Hopkins et aL. 1952; Rose, 1957; Toribar*; 
et 1957) that the calcium concentration in plasma ultrafiltrates is 
independent of both the trans-membrane pressure gradient and of the 
duration of ultrafiltration. That is, calcium proteinate does not
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dissociate during ultrafiltration at least over the pressure ranges 
and time intervals studied.
Methods for the Measurement of Ultrafilterable Calcium
The normal ranges for ultrafilterable calcium found by various 
workers are shown in Table 1 (page 13 ) and the methods used to obtain 
plasma or serum ultrafiltrates are outlined below.
Hopkins et a3. (1952) used the anaerobic ultrafiltration apparatus 
of I-avietes (1937). Toribara et. aL (1957), Prasad and Flink (1957),
Mundy and Mahy (19&4) ar(^  Osroun (1967) all ultrafiltered serum under the 
influence of a centrifugal force. Both Fanconi and Rose (1958) and Dale 
and Fellerman (1967) ultrafiltered plasma through a collodion shell 
under mercury pressure and measured the ionised, as well as the ultra- 
filterable calcium, by a modification of the murexide method of Raaflaub 
(1951)• Smarsz (1968) used the murexide method on ultrafiltrates 
obtained in a similar manner to Ilopkins et al.(1952). The differences 
in the normal ranges shown in Table 1 are due, in part, to variations 
in experimental procedures used to control both the pH and temperature * 
during ultrafiltration. Further variations in the normal ranges for 
the percentage ultrafilterable calcium arise through the different 
methods of measuring total calcium concentrations. Invariably 
ammonium oxalate precipitation of calcium is incomplete (MacIntyre, 1957). 
Sodium and potassium ions interfere with the flame photometric deter­
mination of calcium. There is considerable interference in atomic 
absorption methods from phosphate and sulphate. Both of these latter 
techniques require low serum dilutions resulting in undesirably high 
protein concentrations. The calcium specific dyes used in E.D.T.A.
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titrations all ^ive poor end points (Varley, 1967). The various 
methods used to overcome the above difficulties result in further 
variations for the determined normal ranges of Table 1.
A preliminary report (Lehr and Broglia, 1965) has appeared on 
the use of continuous flow dialysis for the measurement of "dialysable" 
calcium. Serum, diluted v/ith a pH 7«4 buffer, was dialyzed against a 
saline recipient stream, the calcium concentration of which was 
determined cclourimetrically. In fifteen normal subjects, the 
dialysable calcium varied from 56 to of the total serum calcium. 
Continuous flow dialysis is further discussed in Chapter 4*
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The Effect of pH on the Measurement of Ultrafilterable Calcium
Greenberg and Gunther (1930) showed that the ultrafilterable 
calcium of beef serum increased when CO2 was bubbled through the serum 
until the pH fell to 7. Dillman and Visscher (1933) also produced a 
rise in ultrafilterable calcium when the pH of dog serum was reduced 
in a similar manner. These results were confirmed by Smith (1934) and 
Seekles (193^) and explain some of the considerable variations in 
ultrafilterable calcium obtained by earlier Y/orkers (Cushny, 1920;
Von Meysenbug, 1921; Cruickshank, 1923; Moritz, 1923) who exerted 
little or no control over pH.
Despite these and many other demonstrations of the effect of pH 
on ultrafilterable calcium, the importance of pH control and the methods 
used for exerting such control have both been the subject of considerable 
controversy. Hopkins et al. (1932) saturated the serum with 3% CO2 in 
Toribara et al. (1937) flushed their apparatus, containing the serum, with 
the same t,as mixture prior to ultrafiltration. Prasad and Flink (1957) 
showed that the ultrafilterable calcium in normal subjects was essentially 
the same whether or not careful precautions were taken to control the pH 
although they did demonstrate a rise in ultrafilterable calcium when the 
serum was saturated with 3% CO2 in O2. Routinely, Prasad and Flink (1958) 
flushed their apparatus with CO2-O2 mixtures prior to ultrafiltration of 
serum samples taken from patients suffering from acid-base disturbances. 
Fanconi and Rose (1958) controlled the pH by mixing 3 or 10% CO2 in O2 
with air to give a similar pH as a sample of alveolar air collected 
from the patient at the same time the plasma was taken. Munday and Mahy 
(1964) found that the ultrafilterable calcium was reduced by about 13% 
when air was substituted for a 3% COg in 0g gas mixture.
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The Effect of Temperature on the Measurement of Ultrafilterable Calcium
Hopkins et al. (1932) and Prasad and Flink (1997) found no 
difference in ultrafilterable calcium for samples measured at room 
temperature and at 37C and Rose (1957) considered any temperature effect 
to be negligible. However, Toribara et a1. (1957) showed that the 
percentage of ultrafilterable calcium increased as the temperature was 
reduced from %  to 3*5C and found a temperature coefficient of 
approximately 0.5$/C. Munaay and Mahy (1964 ) found a similar temperature 
coefficient over the range 15 to 37C but a, smaller effect below this 
range. Robertson and Peacock (1968) found that room temperature 
ultrafiltration gave a value for ultrafilterable calcium which, on 
average, was 1% greater than that found at 37C. Toribara et al. (1957) 
thought that the decrease in ultrafilterable calcium produced by a rise 
in temperature was the result of a decrease in the complexed fraction of 
the plasma calcium with an associated increase in both the ionic arid 
protein-bound calcium.. However, Robertson (1969) found that the 
percentage of ionised calcium in plasma ultrafiltrates decreased as the 
temperature rose. He attributed this to a greater stability of calcium 
phosphate complexes at the higher temperature.
Comment
Clearly, ultrafilterable calcium in serum is inversely related 
to both pH and temperature. Over the pH range 7.2 to 7.6 the ultra­
filterable calcium falls by about 15^ ». Over the temperature range 25 
to 37C the ultrafilterable calcium falls,,by about 9^» Equilibration of 
serum with 5/^  COg in O2 allows the natural plasma buffer system to 
maintain a normal pH.
In a recent series (Robertson and Peacock, I968) of carefully 
controlled measurements in which serum was ultrafiltered through 
cellophane tubing in an atmosphere of 5% CO2 in Ogi the .ultrafilterable 
calcium varied from 55 to 63% of the total serum calcium in 47 normal 
subjects. The gas was preheated to 37C and saturated with water vapour 
at that temperature. The whole apparatus was enclosed in a glove box 
at 37C.
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Section 4.
Other Methods for the Measurement of Ionised and Diffusible Calcium
Ultracentrif ugatio
Ludewig et a'. L .  (1942) measured the calcium and protein concentration 
gradients produced in serum by means of ultracentrifugation and calculated 
the diffusible calcium by an extrapolation technique. It was assumed 
that the diffusible calcium remained constant throughout the fluid phase 
while protein, with its associated calcium, sedimented during centri­
fugation (Chanutin et al, 1942). 7/hen the pH of the serum was adjusted 
with either HC1 or NaOH, it was found that a gradual rise in pH caused 
an irregular fall in the concentration of the diffusible calcium.
Loken et al. (19&0) ultracentrifuged serum until a protein free 
supernatant was obtained, the calcium concentration of which was termed . 
the "free" calcium. They adjusted the pH of the serum with HC1 and 
NaOH over the range 4.7 to 9*6 immediately prior to ultracentrifugation 
and found that the free calcium fell from 9Ofa of the total at a pH 
of 4.7 to 15% at pH 9»5» It was also demonstrated that the free calcium 
at 37C was 1 Ofo less than that at 12C. At a pH of 7*35 ana a temperature 
of 37C, the free calcium was normally 30 to 58% of the total.
Breen and Freeman (1961) also ultracentrifuged plasma until a 
protein free supernatant was obtained and measured the "protein free" 
calcium. By addition or removal of CO2 from the plasma, they demonstrated 
a rise in diffusible calcium as the pH fell. No change in the protein 
free calcium with temperature could be demonstrated and the normal range 
in 14 patients was from 30 to 56$ of the total plasma calcium.
Electrometry
Calcium selective electrodes based upon the liquid-liquid membrane
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principle have recently been developed (Ross, 1967) and have been used 
for the measurement of calcium ion activities in aqueous solutions 
(Rechnitz and Lin, 1968; Huston and Butler, I969). Such electrodes 
consist of a Ag-AgCl reference electrode in a CaClg solution separated 
from the test solution by an organic phase held within an inert membrane. 
The organic phase is permeable only to calcium ions and consequently, 
changes in potential developed by the electrode depend upon the calcium 
ion activity in the test solution. A, solid ion-exchange electrode has 
also been proposed (Schultz et a 1., 1968; Rechnitz and Hseu, 1969)* 
liquid-liquid membrane electrode has been used for the measurement of 
serum ionic calcium activities (Arnold et aL, 1968) but it was found that 
meticulous attention to experimental procedure was required to produce 
acceptable results. The pH of the serum sample could not be controlled 
even by collecting specimens under mineral oil since only traces of oil 
rendered the electrode membrane impermeable. Arnold et al. gave a normal 
range for ionic calcium in 18 patients of from 44 to 66fo of the total 
serum calcium. Calcium selective electrodes have been successfully 
applied to the measurement of calcium ion activities in both urine 
(Robertson, 1969) and plasma ultrafiltrates (Robertson and Peacock, 1968). 
Spectrophotometry
The introduction of calcium ions into a solution of the dye murexide 
gives rise to a shift in the absorption spectrum due to the formation of 
calcium-murexide complexes (Raaflaub, 1956). This colour change has been 
utilised in the measurement of the ionised calcium in serum (Ettori and 
Scoggan, 196l! Lumb, 1963). Murexide has the disadvantages of being pH 
dependent (Raaflaub, 1956) and of forming a complex with plasma albumin 
(Harnach and Coolidge, 1963).
Ion Exchange Resin
Frizel et al. (1967) developed an ion exchange method for the 
measurement of ionic calcium in which whole blood was incubated with 
a strip of low capacity ion exchange resin impregnated paper. The use 
of whole blood obviated the need for pH control. Unfortunately, 
reproducible results were not obtained between different batches of ion 
exchange paper. In 10 patients, the ionised calcium varied from 61 
to 64-/0 of the total calcium.
Biological
The biological method of McLean and Hastings (1934) has often 
been regarded as a reference technique for the measurement of ionised 
calcium. The method was based upon the fact that the amplitude of 
contraction of the ventricle of an isolated frog's heart was sensitive 
to changes in the calcium concentration of its surrounding fluid. The 
method, however, was not readily applicable to the measurement of ionised 
calcium concentration in serum (McLean and Hastings, 1935)*
Gel Filtration
Von Ilattingberg and Klaus (1966) introduced a batch test procedure 
for the measurement of "non-protein bound" calcium in which serum was 
incubated with a relatively small quantity of the gel filtration medium, 
Sephadex G-25* They showed that the non-protein bound calcium decreased 
as the pH of dog serum was raised. Lomax (1967) eluted plasma from 
a Sephadex G-25 column with deionised water and found two effluent calcium 
peaks, one coinciding with the plasma protein peak and the other with 
inorganic phosphate. The "free" calcium was reported in one normal 
subject as 54% of the total plasma calcium. Gel filtration in relation 
to non-protein bound calcium is further discussed in Chapter 3*
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In-Vivo Ultrafiltration
'A novel method for the measurement of ultrafilterable calcium 
is the in-vivo technique of Van leeuwen et al, (1961). It was based 
upon measuring the progressive changes produced in the total protein 
ana calcium concentrations of plasma during a period of increased 
venous pressure induced by a manometer cuff. The in-vivo ultrafilterable 
calcium,.which was calculated by means of an extrapolation technique, 
varied from 91 to of the total plasma calcium in 15 normal subjects.
A recent report (Pedersen, 19&9) demonstrated an excellent correlation 
between in-vivo and in-vitro ultrafiltration.
Discussion
The most reliable techniques for the separation of non-protein 
bound calcium from serum are ultrafiltration and ultracentrifugation*
This reliability is an inherent property of these separation procedures; 
a constant Ca++ concentration is maintained throughout the separation 
medium in both techniques, and the protein and the protein-bound calcium 
concentrations both increase to the same extent during the separation* 
Thus, calcium proteinate cannot dissociate and the calcium concentration 
in the ultrafiltrate or the supernatant is an accurate measure of 
non-protein bound calcium in the original serum sample. Unfortunately, 
in acdition to the problems involved in controlling precisely the 
experimental conditions during ultrafiltration and ultracentrifugation, 
neither technique lends itself easily to use in the routine clinical 
chemistry laboratory. Consequently, many approaches have been made to 
the problem of measuring plasma ionised calcium.
Since calcium is,only loosely bound to serum proteins, any 
procedure which depends upon the complete pl\ysical separation of Ca++ 
from serum proteins will inuuce the rapid dissociation of calcium 
proteinate. Such procedures would include ion exchange, electrophoresis, 
gel filtration and dialysis. Nevertheless, these techniques may be 
applicable if only a small fraction of non-protein bound calcium is 
removed from serum reducing the dissociation of calcium proteinate to a 
minimum. This fraction must also be reproducible for each serum sample. 
It may also be possible to reduce the dissociation of calcium proteinate, 
in column gel filtration for example, by maintaining a suitable Ca++ 
concentration throughout the separation medium. In this situation,
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endogenous serum calcium would have to be appropiately labelled.
Techniques which depend upon the response of either an electrode 
or the isolated heart of a frog to the Ca++ concentration of a solution 
have not produced reliable results. The number of experimental variables 
which affect the performances of the presently available calcium 
selective electrodes obviate their use in the routine laboratory, except 
possibly for the measurement of Ca++ concentrations in aqueous solutions.
The frog’s heart method is not suitable for use with serum samples nor can 
it be used at physiological temperatures. Methods which depend upon the colour 
change of a dye suffer from the disadvantage of non-specific binding of the 
dye to serurn proteins.
The very number of proposed methods implies a need for a valid,
■ * ■ **
straightforward, accurate technique. Perhaps the present situation is 
aptly illustrated by the recent proposal (Robertson, 19&9) o f a computer 
method for the calculation of the ionised calcium from measurements of 
the following constituents of plasma ultrafiltrates: calcium, magnesium,
sodium, potassium, ammonium, phosphate, oxalate, citrate and sulphate.
Also, a knowledge of the pH of the plasma together with the stability 
constants for each of the twenty-two known complexes and ion pairs 
produced between these ions is required. In other words, a comprehensive 
biochemical profile is needed to calculate a physiological variable.
23
Chapter 2. '
Continuous Ploxv Radiochemical Analysis and low Energy Beta 
Particle Detection in Flowing Streams.
Continuous flow analysis is well established in the clinical 
chemistiy laboratory and there are many sophisticated systems 
available which can monitor continuously physical parameters in 
flowing streams. Since gamma photon emitting isotopes can readily 
be detected in flowing streams, isotopic techniques have been applied 
to this field. The isotopes of Iodine, 1-125 and 1-131, have been 
used in both the automatic assessment of thyroid hormone binding to 
serum proteins (Carnett et al., 1965; Pollard et al., 1965 a an<^- 
Webber et a.]., 1969)9 ana in automated radioimmunoassay techniques for 
insulin (Pollard and Waldron, 1966) anc for human chorionic gonadotrophin 
(Harris et a]., 1967). Other gamma emitting isotopes which have been 
used in continuous flow analysis include Iron-59 in the measurement of 
iron prote.ir. binding (Barber, 1962; Barber et a3., 19^3) and Mercury-203 
in the substoichiometric analysis of traces of mercury in biological 
material (Ruzicka and lamm,- 1967) and in the analysis of low grade 
cinnabar ores (Briscoe et aL, 1967). V
Two of the three commercially available radioisotopes of calcium,
Ca-47 and Ca-A9> ai>e gamma emitters, both of which could be detected in 
a flowing stream. However, the short half lives of these isotopes,
4*7 days and 8.8 minutes respectively, restricts their use as tracers 
for in vitro.procedures. Ca-45 (half life, 165 days) decays purely by 
beta particle emission. Although beta particle emitting isotopes have 
been used in the continuous measurement of gas-liquid and liquid
chromatographic effluents, considerable difficulties are involved 
in their detection. In order to provide a suitable system for the 
continuous measurement of Ca-45> the overall performances of three 
commercially available flow cells have been examined (Section l) and 
a new system for detecting beta particles in a flowing stream is 
described (Section 2).
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Section 1
The Overall Performance of Commercially Available Flow Cells 
Introduction
The method of choice for detecting low energy beta particle 
emitting isotopes in aqueous samples is liquid scintillation counting, 
even though difficulties may be encountered both in obtaining a 
homogeneous counting solution ana in overcoming the problems of 
quenching. In an attempt to solve the former difficulty, Steinberg 
(1958 ana i960) introduced the technique of counting in a two-phase 
system, the solio phase being crystalline anthracene. This work led 
to the development of anthracene filled flow cells (Schram and 
Lombaert, i960). Both Piez (1962) and Rapkin and Gibbs (1962), using 
anthracene crystals packed into a glass tube in conjunction with an 
amino acid analyzer, found efficiencies of 20 to 30^ for C*^.
Scharpenseel and Menke (1962) used a similar arrangement with anthracene 
and P0P0P (2,2-p-phenyJ.enebis (-phenyloxazole)) which gave an efficiency 
of 1fo for in the measurement of column chromatographic effluents.
Burt and Gibson (1964), using a commercially available anthracene filled 
cell (Nuclear Enterprises, NE 804), found efficiencies of 20.3 and 1.2fo  
respectively for static aqueous solutions of and H^. Albert et al. 
(1967) described another single sample counting cell which consisted of 
anthracene crystals embedded into the surface of a transparent acrylic 
resin.
The technique of liquid scintillation counting has been applied 
directly to radiocolumn chromatography by mixing the column effluent with 
a toluene based scintillator solution and passing the stream through a
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U-shaped glass tube between two photomultiplier tubes (Scharpenseel 
and Menke, 1962;. Counting efficiencies of up to 5fo.vfere obtained 
with this system for tritmated water. However, serious quenching 
problems resulted when the water content of the stream flowing 
through the counting tube was greater than 5 to 6$. A similar system 
has been used by Hunt (1968) who found efficiencies of up to 14$ for 
H3 using a dicxune based scintillator.
Another approach to the problem of counting beta emitting
isotopes in a flowing stream was made by Schram and Lombaert (1957 a and b)
who used sheets of polyvinyltoluene containing scintillation chemicals
for the continuous detection of solutions of a n d  Plastic
scintillators then became available in the form of.narrow bore capillary
tubing which could be wound into a spiral to constitute a flow cell.
Plastic scintillator detectors in various forms and with various
electronic arrangements have been proposed for the static measurement
of aqueous solutions of low energy beta particles (Greenfield, 1958;
Kimbel and Willenbrink, 1958; Furt and Hetherington, 1959; Pickering
etal., I960; Burt and Gibson, 19&4). Scharpenseel and Menke (19&2),
using plastic scintillator tubing in the form of a coil with coincidence
counting tecimiques, found an efficiency of about 9$ for a flowing stream
containing C*^. A packed column of finely divided plastic scintillator
has also been used as a flow detector (Tkachuk, 1962). A sensitivity of 
-6 :
10.cpn/lG c/ml for tritiated water was reported by Muramatsu et a1.(1967) 
when the stream was passed along the face of a serrated sheet of plastic 
scintillator coupled to a prismatic light guide. A flow cell using 
lithium-cerium glass as a scintillator has also been developed (Clifford 
et a.l, 1969) which could be used with a wide variety of solvents. This 
cell gave aii efficiency of 20$ for C-^ and 0.3$ for H^.
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The lower self absorption of beta particle energies in a gas 
leads to higher counting efficiencies in both anthracene crystal cells 
(Kanle et al, 1952; Rapkin and Gibbs, 1962) and in plastic scintillator 
cells (5?tranks, 1956; Funt and Hetherington, 1959)* Radioactive 
effluents from gas-liquid chromatographic (GLC) columns have been 
passed through a cartridge filled with anthracene crystals coated 
with silicon oil (Karmen and Tritch, I960; Karmen et al», 1962 a).
The column effluents condensed successively within the cartridge which 
was viewed by two photomultiplier tubes. A flow through anthracene 
cartridge was then developed (Karmen et al., 1962 b) for use with a GLC 
column and gave efficiencies of 7Ofo and 20% for C-^ and respectively. 
The radioactive effluents from GLC columns have also been monitored with 
ionization chambers (Wilzbach and Riesz, 1958; Cacace and Haq, i960), 
proportional counters (Wolfgang and Rowland, 1958; Simpson, 1968) and 
scintillation counters (Evans et al.. 1958: Stocklin, 1959)* The
anthracene technique of Karmen et. a 1.(1962 b) was found to be more 
reliable than either an ionization chamber or a proportional counter, 
both of which were sensitive to changes in the composition of the 
effluent gas (Karmen, 1967). Another approach to the monitoring of 
GLC effluents was to condense the effluent gas into a liquid 
scintillator circulating in a closed system (Popjak et aL, 1959 and 
1962). Approximately 15% of the circulating liquid was within the 
field of view of two photomultiplier tubes operating in coincidence 
and radioactive fractions from the column resulted in a stepwise 
increase in count rate.
Since little attention has been paid to the flow properties or
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to the adsorption and wash characteristics of flow cells, the - 
overall performances of commercially available plastic scintillator 
and anthracene crystal flow cells have been examined.
Flow Cells •
(a) Plastic Scintillator Flow Cell (Nuclear, Enterprises* NE8G1A)
The NE801A flow cell consisted of a flat spiral of NE102A 
polyvinyl-toluene tubing contained within a cylindrical plastio vial.
The spiral was viewed by two photomultiplier tubes in optical contact 
with the fyces of the vial. Fluids were introduced into the spiral 
by means of connections on the periphery of the vial.
(b) Anthracene Crystal Flow Cells (Nuclear Enterprises, NE80AA and NE806A)
One of the anthracene cells (type NE80M-),wascomposed of a 
spiral of plastic capillary tubing Of 2mm. internal diameter packed 
with anthracene crystals. The spiral was enclosed in a vial similar 
to that of the NE801A cell. The other cell (type NE806A) consisted 
of anthracene crystals, packed into a flat spiral channel cut into one 
half of a cylindrical plastic vial. The anthracene crystals of the 
NE8O6A could be replaced if necessary.
Apparatus
A single sample liquid scintillation spectrometer (Isotope 
Developments limited; type 6012A), consisting of a liquid measuring 
head (type 2022) and a coincidence oontrol unit (type 2032), was 
modified to enable a flowing stream,‘to .be.introduced into the counting 
chamber of the liquid measuring, head.. The output from the coincidence 
control unit was fed through a ratemeter (Ecko Electronics Ltd., type 600B) 
and displayed on a Technicon pen recorder'modified to behave as a 100 mV.
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potentiometrie recorder. Fluids were pumped through the flow cells 
by means of a Two-Speed Proportioning Pump (Technicon Instruments 
Corporation) and connections between the pump and the flow cells were 
made with polythene or nylon tubing (Portland Plastics limited) and 
standard Autoanalyser pump tubes.
Materials and Methods
A stock C&A^Clg solution (Radiochemical Centre, Amersham) was 
diluted to an initial specific activity of 0.026 uc/ug with CaCl2 
and to a concentration of 10 ug/ml with distillled water. The optimum 
high voltage and discriminator settings for each cell were established 
with this solution diluted with an equal volume of ELTA (ethylene- 
diamine-tetra-acetic acid; 0.01M).
The stock solution was diluted five-fold with distilled water 
anc the adsorption of Ca^ to the counting cells and to both poljthene 
and nylon transmission tubing was investigated. The flow circuit used 
in this series of experiments is shown in figure 1 (page 3 1) .  The 
count rates obtained from the cells were recorded during both the 
continuous sampling and following the removal of Ca^Cl2 from the circuit. 
The influence of a wetting agent (Nonidet P42; 0.1 ml/100 ml), of a 
chelating agent (2DTA, 0.01M) and of alterations in CaCl2 carrier 
concentrations on Ca^‘ adsorption were determined.
The detection properties of each cell were assessed by measuring 
the efficiencies of counting for various standardised solutions of beta 
particle emitting isotopes (Radiochemical Centre, Amersham). To measure 
the efficiency of counting in a cell, it was first necessary to determine 
the effective counting volume of that cell. Consequently, various
30
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Figure 1. Flow Circuit for Calcium Adsorption Experiments.
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wei&hed volumes of a Ca^C^-ELTA solution'were introduced into the 
cell within the field of view of the two photomultiplier tubes and 
the count rates obtained were recorded. Counting efficiencies were 
then measured for flowing streams of Carbon-14, Promethium-147, 
Technetium-99 an& Chlorine-36 (Maximum beta particle energies ranging: 
from 133 to 714 KeV).
Results '.V'
Typical results of calcium adsorption experiments obtained with 
the NE801A plastic scintillator cell are illustrated in figures 2, 3 
and 4« With distilled water pumped along tubes A and B (see figure l) 
the recorded background count rate was 1.0 cps. The introduction of a 
C a ^ C ^  solution (0.043 uc Ca^, 2 ug CaC^ per ml) along pump tube A 
led to a rise in the count rate to a plateau of 60.8 cps within 6 
minutes (see figure 2 , page 3 3 ), with a ratemeter mean probable error 
setting of When the C a ^ C ^  solution was, replaced by distilled
water the count rate fell slowly to 3*5 cps over a period of 35 minutes. 
However, when the EDTA solution replaced the distilled water along 
tube B, the count rate fell to the initial background level within 2 
minutes. The C a ^ d g  solution was then reintroduced along tube A and 
the count rate rose to a plateau of 44.5 ops within 4 minutes (see 
figure 3, page 3 4 ) .  After a period of 14 minutes, the EDTA solution 
was replaced with distilled water* - The count rate rose, then fell and 
finally rose again to a plateau,-of 38.7 cps. This pattern of change in 
count rate was confirmed at a raSemeter mean probable error setting of 2%. 
Once again EDTA was pumped along tube B in place of distilled water and 
the count rate rose rapidly to a peak and; then fell to the previous
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plateau of 44*5 cps. The termination of Ca^ci^ sampling led to a 
fall in the count rate to the .initial background level within 5 minutes.
The procedure followed in figure 3 was then repeated ?/ith a Ca^Clg 
solution of a higher CaClg carrier concentration (0*054 uc Cs^ -5, 750 ug 
CaCl2 per ml). It can be seen from figure 4 (page 36) that no rapid 
fluctuations in count rate were obtained at the beginning or at the 
end of pumping distilled water along tube B and that the difference 
between the distilled water and EDTA plateau count rates was less than 
in figure 3. When the experiment shown in figure 3 was repeated with nylon 
tubing of the same internal diameter in place of the polythene tubing 
connecting the pump to the flow cell, no peak in count rate was recorded 
when EDTA replaced distilled water ©long pump tube B. ' v
The introduction of a Ga^Cl2 solution (0.063 uc 2 ug CaCl2
per ml) into the KE804A anthracene crystal oell led to a rise in the . 
recorded count rate to 298 cps which fell to 40.2 cps following prolonged 
washing of the cell with both distilled water and EDTA. The count rate 
was reduced to 1.5 cps by pumping a solution of EDTA (0.01M) and Nonidet 
P42 (0.1 ml/100 ml) through the cell. This procedure led to an increased 
resistance to flow and it could be seen that anthracene crystals had 
moved and blocked the capillary tubing. I
The NE8O6A anthracene crystal cell was directly coupled to the 
pump and the rate of flow of distilled water alone through the cell was 
gradually increased. At a measured flow rate of 0*31 ml/min it could be 
seen that anthracene crystals in the. spiral.channel were disturbed.
The change in count rate produced by increasing the volume of 
Ca^Clg within the NE801A plastic scintillator cell is shovm in
35
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figure 5 (pa&e 38) ana it can be seen that the effective counting 
volume was 0.4-2 ml. Plateau count rates were then measured for the 
various solutions shown in Table 2 (page 39) and the efficiencies of 
counting were calculated. There was considerable residual activity in the 
NE801A cell following the NaC^O^ solution (10 ug/ml) which could not 
be removed by washing first with distilled water and then with 0. IN HC1. 
This activity was only reduced to background levels after washing with 
distilled water over a period of ten days. Consequently, the efficiency 
of counting of Carbon-14 was measured with the NaC^^O^ solution at a 
carrier concentration of 20 mg/ml. It was also necessary to dilute the 
Promethium-147 solution with an equal volume of EDTA to prevent adsorption 
to the scintillator. There was no residual activity after pumping the 
KTc^O^ (6 ug/ml) or the NaCl^ (l mg/ml) solutions through the cell.
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Pis c u r s  ion .' ; v
The figures reported here for the detection efficiency of the 
NE801A plastic scintillator flow cell agree well with those published 
by Burt and (iibson (1964) for the NE801 cell.
It has been claxraed that plastic scintillator flow cells do not 
normally absorb isotopic material and that they can.usually be cleaned 
by a rinse with distilled water (Nuclear Enterprises Catalogue, 1967). 
This work has shown that is adsorbed to plastic scintillator tubing
and that the adsorbed activity is not removed by prolonged water washing. 
Activity also remained after pumping the and Pnr^f7 solutions through 
the cell. Bookman et al. (19&7) described absorption of into a
sheet of NE102 plastic scintillator and it would appear that the NE801A 
cell absorbed activity during the pumping of the higher specific activity 
NaC^Oj solution. However, residual activity following the introduction 
of either the C a ^  or Pnr^? solution into the cell was easily removed 
with EDTA. Nevertheless, any adsorbed radioisotope wall be detected with 
a higher efficiency than if the same activity were evenly distributed 
throughout the effective counting volume of the cell. Therefore, when 
using a plastic scintillator flow cell, it is necessary to know whether 
or not the radioisotope is either adsorbed to or absorbed by the 
scintillator. If it is, appropriate allowances must be made for 
variable sample specific activities.
It has also been shown that polythene flow tubing adsorbed 
at low CaCl2 concentrations. Nylon tubing, however, did not show 
any adsorption down to a CaCl2 concentration of 2 ug/ml.
The effects of radioisotopes adsorption can be prevented by mixing
40
the stream to be counted with a stream of sufficiently'high carrier 
concentration or by complexing the radioisotope with a suitable chelating 
agent. >
The NE8CMV and NE806A anthracene crystal cells appear to have 
little application to the routine continuous monitoring of radioactivity 
in flowing streams since the flow rate required to maintain*a constant 
sample to scintillator geometry in the two cells examined would have 
been too low for practical purposes. ; A flow cell based on the single 
sample anthracene crystal cell designed by Albert et al. (19^7) M&y 
avoid these difficulties.
Section 2
A New Flow Cell for Beta Particle Detection
Introduction
The recent introduction of polythene and nylon tubing of wall 
thicknesses less than the maximum range of beta particles emitted 
from C1/f (0.24 mm) has led to the possibility of manufacturing a 
flow cell based upon a coil of such tubing immersed in a liquid 
scintillator.
The Cell
Nylon tubing (Portland Plastics; I.D. 0.50 mm: O.D. 0.6j> mm)
was selected for the coil since it has been shown not to adsorb calcium 
(see Section l). In order to maintain a constant-length of capillary 
tubing within the field of view of the two photomultiplier tubes of the 
liquid measuring head, the tubing was wound onto a former. This 
consisted of two nylon columns (2 in. long: 3/8 in. diameter) which were 
screw threaded on a lathe to 38 threads per inch. The depth of the 
groove was sufficient to support the capillary tubing. The two columns4.
were held 2 inches apart by brass plates screwed with nylon screws into 
the end of each column. Approximately 20 feet of tubing was v/ound onto 
the former and secured by threading through small holes drilled in the 
supporting plates. The holes were drilled at an angle of approximately 
45° to prevent the nylon tube from kinking. A third brass plate was 
fitted to the upper supporting plate by means of two brass screws. The 
edge of this plate was lipped so that the, coil could rest inside an 
optical glass cell (Tintometer Ltd., in. x 2^ in. x if in: thick).
The height of the former within the glass box could then be adjusted, by 
means of the two brass screws. <
Cell Performance
Preliminary experiments with the flow cell containing a
l p
Ca^-'Clg solution showed that the highest count rate was obtained with 
a toluene/PPO ( 2 , 5 - diphenyloxazole; 4 g/l) solution as a scintillator, 
lower count rates were obtained when POPOP was included in the 
toluene/PPO solution and when dioxane based scintillators were used.
The performance of the cell was assessed in the same manner as 
in the previous Section and the results are shown in Table 3 (Page 44).
It was not possible to obtain a stable plateau count rate when the 
KTo9\  (6 ug/ml) solution was pumped through the coil.
In order to compare the performance of the cell with that of the 
NE801A, figures of merit (product of counting efficiency and effective
• 1 ' v' ■ **
cell counting volume) were calculated for each cell and are shown in 
Table L (page 45).
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D i s c u s s i o n
The counting efficiencies for the standardised radiosctive 
solutions in the nylon tubing flow cell were less than those obtained 
with the plastic scintillator flow cell. However, the larger effective 
counting volume of the nylon cell resulted in higher figures of merit 
and greater sensitivities for isotopes of maximum energies of emission 
greater than about 200 KeV. Thus, the count rate obtained from a C a ^  
solution in the nylon flow cell will’be approximately twice that of the 
NE801A with the further advantage that calcium will not be adsorbed to 
the nylon tubing of the cell.
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Chapter 3 «
Gel Filtration in the Separation of Non-Protein Bound Calcium from Serum 
Introduction
Gel filtration is a technique for the separation of molecules 
according to their molecular dimensions. The technique is based upon 
the ability of molecules to penetrate into a suitable stationary phase. 
Cross linked dextrans, such as "Sephadex" (Pharmacia, Uppsala, Sweden), 
have found the widest application as stationary phases in gel filtration.
Molecules larger than the exclusion limit of a particular gel will 
be eluted from a column of that gel within the "void" volume of the 
column. Molecules which completely penetrate the gel matrix will be 
eluted within a volume equal to the sum of the void plus the "inner" 
volume of the column. Substances of intermediate molecular dimensions 
which partially penetrate into the gel will have characteristic "elution" 
volumes varying between the void and the void plus the inner volumes of 
the column (Determann,. 1968). Sephadex gels are available which will 
completely exclude the normal calcium binding proteins of serum whilst 
allowing non-protein bound calcium to penetrate into the gel matrix.
Thus, Sephadex may provide a means of separation in a flowing stream of 
non-protein bound calcium from the calcium binding proteins of serum 
whilst allowing control of pH, temperatures and ionic strength.
Veal and Parsons (1964) stated that Sephadex provided an excellent 
method for the determination of protein-bound calcium in plasma. 
Unfortunately, no technical details or references were given. Von 
Hattingberg ant Klaus (1966) found that separation of the serum calcium 
fractions was obtained when serum was incubated with a relatively small
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quantity of Sephadex G-2b* Von Hattingberg and Klaus also claimed that 
no protein-bound calcium v\as obtained in the effluent of a column of 
Sephadex G-25 following the application of serum to the column. Again, 
no experimental data was given. Lomax (1967) eluted plasma from a 
Sephadex G-25 column with deionised water and found two effluent calcium 
peaks, one coinciding with the plasma proteins and the other with 
inorganic phosphate. The column was washed with saline after each plasma 
sample ana Lomax stated that all traces of saline had to be removed from 
the column before application of another sample to prevent the dissocia­
tion of calcium proteinate. Creger et al. (1967) also claimed that 
Sephadex coula be used for the separation of protein-bound calcium from 
the serum of a laying hen.
It has been suggested (Hummel and Dreyer, 1962) that weak 
protein-ion interactions coula be studied using gel filtration by means 
of the "trough" technique. In this method, the protein under investigation 
was eluted from a colujnn with a buffer containing the ionic species. When 
binding occurred the concentration of the ionic species in the column eluate 
rose to a peak as the protein emerged, followed by a trough equivalent to 
the amount of bound ion. This method was successfully applied to the 
binding of 2 f-cytidilic acid by pancreatic RNAase (Hummel and Lreyer) and 
to the binding of calcium by macromolecules in stone forming urines 
(Zarembski and Hodkinson, 19^9)»
In view of these conflicting reports, the chromatographic 
behaviour of Ca^C^-serum mixtures on both Sephadex G-25 and G-10 gels 
has been investigated.
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Apparatus
Sephadex columns were prepared according to the: manufacturers 
instructions (Pharmacia, Uppsala, Sweden) and upward flow elution 
("Sephadex Laboratory Columns", Pharmacia) was performed using two 
flow adaptors with a jacketed K25/4-5 column. When not in use the 
column was stored in buffer solution containing sodium azide 
(0.02 g/100 ml). Fluids v:ere pumped by means of a Two Speed .Propor­
tioning Pump (Technicon Instrument Corporation. Ltd. ). Fractions were 
collected from the column by means of a modified Sampler 2 (Technicon). 
Programming discs for the Sampler 2 were cut v/ith small spikes on the 
periphery of the disc to produce a rapid change in the position of the 
sample probe. The volume of eluted buffer lost per fraction during the 
change of position of the probe from one fraction to the next was 2.5^. 
Programming discs were cut to give fraction collecting periods of 
0.5, 1, 2, 3 and 6 minutes. Connections between the pump, column and 
fraction collector were made with tygon tubing and Auto Analyzer pump i 
tubes. s
Calcium-45 was measured by pipetting 0.2 ml. quantities of the 
fractions into vials containing 10 ml. of liquid scintillator (Bra}'", i960) 
and counting in a Packard Tri-Carb Liquid Scintillation Spectrometer 
(Model 3003). All samples were mixed on a Vortex Rotamixer prior to 
standing in the spectrometer for.at .least 48 hours before counting.
2 ml. portions of fractions,.containing Iodine-125 were counted in a 
Packard Auto-Gamma Spectrometer,. Model 3003.
Hydrogen ion concentrations•were measured at room temperature 
with a Vibret pH meter (model 3920) which.incorporated an automatic
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temperature compensator. Total calcium concentrations were ,measured 
with an Atomic Absorption Spectrophotometer (Unicam, S.P.90). In 
some experiments, Albustix (Miles Laboratories: ltd.) were used to test 
for the presence of protein in the eluted fractions.
Materials and Methods ,
Sephadex gels G-25 medium and G-10 were used in.this series of 
experiments all of which were carried out at room temperature.
Samples were applied to the column in the following manner:
the flow of buffer was arrested by stopping the pump with the tube
occluded by the pump rollers. The tube was then transferred to the 
appropriate container from which weighed sample volumes were pumped onto
the column. The flow was again stopped and the tube transferred back
to the eluting buffer container. This procedure allowed known sample 
volumes to be applied to the column without the introduction of air.
The sample volume in all experiments was approximately 1 ml. \
Before proceeding with the investigation of the behaviour of 
Ca^Cl2 on Sephadex in the presence of serum it was necessary to show 
whether or not calcium was adsorbed during its passage through the 
column and to determine suitable operating conditions for the separation 
of protein-bound calcium from serum.
Preliminary Experiments
Sephadex G-25 Medium Tris-Maleate buffers (0.2M. tris acid maleate 
and 0.2N. Na OH, made up in NaCl, 0.9 g/0 were used in this series of 
experiments.
Ca^Cl2> obtained from the Radiochemical Centre, Amersham, was 
diluted with CaCl2 to give the following solutions: (a) 1.13 uc Ca^, 
7.4 ug CaCl2 per ml; (b) 1.09 uc Ca^ -5, 73 ug CaCl2 per ml;
50
(c) 1.10 uc Ca^, 730 u& CaCl2 per ml. This range of CaClg concen­
trations was selected on the basis that the normal ionised calcium 
concentration in human serum is approximately 60 ug per ml.
s.A., also obtained from the Radiochemical Centre, was 
diluted to a concentration of 30 mg per ml. with Human Serum Albumin 
(Lister Institute, Elstree) dissolved in NaCI, 0.9 A stream of
carrier solution, either CaCl2 (l mg/ml) or Bovine Serum Albuminf 
(20 mg/ml) was added to the column eluate at a flow rate of approximately 
one tenth that of the eluting buffer.
Since it has been shown that calcium is adsorbed to both 
polythene and to Auto-Analyser pump tubing (see Chapter 2), standards 
for the calcium recovery experiments were initially ^ prepared in four 
different ways. A weighed portion of?the highest specific activity\ 
Ca^Cl2 solution was pumped along the sample tube into a 100 ml* flask 
containing 10 ml. of the CaCl2 carrier solution. The flask was then 
made up to volume by pumping buffer along the tube (standard l). To 
ensure that all Calcium-45 washed into the flask, another standard 
was made up in a similar manner except the sample tube was washed with 
ethylene-diamine-tetra-acetic acid, EDTA, 0.05M (standard 2). The 
third standard was made up in a similar manner as standard 1 except that 
the flask contained the same concentration of EDTA as standard 2. The, 
fourth standard v/as prepared by, pipetting Ca^Clg directly into the 
flask and diluting to volume with buffer. Recoveries were then measured 
for the. three Ca^Cl2 solutions and for' S.A. at each of three
elution buffer pHs.
. Elution profiles for C a ^ C ^  and I^?-*-H.S.A. were drawn by plotting
the count rate obtained for each fraction against the volume of eluted 
buffer, calculated as the product of the measured buffer flow rate and 
the mean collection time per fraction. Typical elution profiles are 
shown in figure 6 (page 53) for I^-^-H.S.A. (a ) and for Ca^cig (B).
Elution volumes were recorded as the volume of eluted buffer at the 
observed peak on the elution profile.
Since changes in elution volume result from varying the column 
length and buffer flow rate ("Sephadex - gel filtration in theory and 
practice", Pharmacia), the elution volumes of Ca^5ci2 and I^^-H.S.A. 
were measured for various column lengths and buffer flow rates.
Sephadex G-10 Elution volumes were measured for 1^25-H. S.A., Ca^Clp
and tritiated water (THO) on Sephadex G-10 with a borate buffer
(0.1M boric acid in 0.1M KC1 and 0. IN NaOH, made up in NaCl, 0.9 €/&)•
Ca^ci2 was also eluted with the borate buffer containing added CaClp.
The elution volume of Ca^Clp was also measured on Sephadex G-10 
with an ammonium acetajte buffer (4 ml. glacial acetic acid and 3 ml. 
concentrated ammonia solution (specific gravity 0.88), made up in NaCl,
0*9 £$>) containing adaed CaC^.
Calcium-Serum Experiments
Serum pools were obtained by mixing the remainder from samples sent 
to the laboratory for routine 1^ -25-Triiodothyronine (I^^-Tj) Serum Uptake 
measurements. Only samples which gave a normal I^^-T^ uptake were included. 
Serum pools were stored deep frozen until required. No precautions were 
taken to maintain a physiological pH of the serum pools.
Sephadex_G=25_Medium 0.4 ml. Ca^cip (12.8 uc C a .^ ; 2 ug CaClp per ml.)
was incubated with 5 mi. serum in a water bath at 37C for approximately
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1 hour with constant agitation. The activity and total calcium 
elution profiles for 1 ml. of this mixture were then determined using 
tris-maleate buffer, pH 7.4. The elution profiles were also determined 
with tris-maleate buffer containing added CaClg*
JiliQ Similar Ca^-5d2-serum mixtures were prepared as above 
and eluted from a Sephadex G-10 column with borate, pH 8.6, and ammonium 
acetate, pH 5.0, buffers containing added CaCl2. .
Results
Preliminary Experiments
Sephadex_G-2£_Medium Results of the preliminary experiments with 
Sephadex G-25 medium are shown in Tables 5> 6, 7 and 8. It can be seen 
from Table 5 (page 55) that the count rates obtained from the two 
standard solutions containing ETTA were the same but were considerably 
less than that of the buffer washed standard. The pipetted standard 
gave an intermediate count rate. Consequently, all standards for the 
recovery experiments were made up in the manner used for standard 1.
The mean recovery of 1-^5 was 2.01%; the mean recovery of Ca^ -5 was 100^ 
(Table 6, page 56)• There was no significant difference in recovery of 
C a ^  over the concentration range of from 7 to 720 ug CaCl2 per ml or 
over the elution buffer pH range of from 6.8 to 8.1.
Changes in elution volume produced by varying the column length 
are shown in Table 7 (page 57). At a column length of 130 mm, the 
elution profiles of Ca^Cl2 and 1^25-H.S.A. were completely separated 
(see also figure l).
It can be seen from Table 8 (page 58) that varying the flow rate 
of the elution buffer between 2.1 and 7*8 ml/min produced no significant 
change in the elution volume of either Iodine-125 or Calcium-45.
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Sephadex^Q-10 The elution profiles for H.S.A., THO and for
Ca^Cl2 alone and with CaCl2 added to the eluting borate buffer (pH 8.5) 
are shown in figure 7 (page 60). For C a ^ d ^  alone '25.ml* fractions 
were collected following the first 100 ml. of eluting buffer. The 
elution volumes for 1^-25f and C a ^  were 24.9, $ 0 ,2  and 45*4 ml. 
respectively.
45The elution volume for Ca in the ammonium acetate buffer, pH 
5*0, containing CaCl2 was 40.1 ml.
Caloium-Serum Experiments
§ephadex_d-25_Medium The profiles of Ca^ -5 activity and total calcium
are shown in figure 8 (page 6l) for a Ca^?Cl2-serum mixture eluted with
tris-maleate buffer, pH 7*3» For the column used in this experiment,
the predicted elution volumes for C a ^  and 1^25 were 66 and 34 ml.
respectively. It can be seen that the elution profile for both
active and total calcium peaked at the same, elution volume, 66 ml.
Positive Albustix reactions were observed in fractions corresponding
to elution volumes between 31 and 52 ml. In these fractions, the activity
. 45
accounted for less than 0. lfc, of the C a ^ C ^  applied to the column and 
no change in total calcium concentration was detected.
Similar results were obtained when this experiment was repeated 
with CaCl2 added to the tris-maleate buffer to a concentration of 78 ug 
per ml.
Again, for a Ca^Cl2-serum mixture eluted with borate 
buffer containing added CaCl2 (20 ug/ml), no C a ^  o r total calcium could 
be detected in conjunction with the eluted serum proteins. The elution 
volume for Ca^ -5 was 58.2 ml.
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Figure 7. Elution Profiles on Sephadex G-10 for (a) • A.,
(b) THO, (o) Ca^ clj ana (a) CaW a 2 with carrier CaClg* 
Column Length: 151eeu 
Buffer: Borate,pH 8*6*
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Figure 8, Activity and Total Calcium Elution Profiles for a
Ca Clg-serum mixture on Sephadex G-25.
Column Length: 159nim©
Buffer: Tris-Maleate>pH 7*4®
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Ca^ also emerged os a single peak from a Ca^C^-serum 
mixture eluted with ammonium acetate buffer containing CaCl2 (20 ug/ml). 
The elution volume was 41»2 ml.
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Discussion
The results of the preliminary experiments showed that Ca^c^- 
and 1-^5-H.S.A. v/ere both completely recovered when passed through 
Sephadex 0-25. Ca^5 recoveries were independent of both the CaCl2 concen­
tration and the pH of the eluting buffer over ranges considerably 
greater than would be encountered physiologically. However, Ca++ elution 
from Sephadex 0-10 was considerably retarded - an effect which was 
eliminated by the use of carrier CaCl2 in the eluting buffer. The 
preliminary experiments also showed that EDTA gave rise to a considerable 
degree of quenching in the liquid scintillator and that CaCl2 was adsorbed 
onto glass at a concentration of 7 ug/ml.
Both endogenous calcium and. Ca^ added to serum had the same 
elution volume as Ca^ -5 alone when eluted from a column of Sephadex G-25 
with tris-maleate buffer at physiological pH and ionic strength. The 
addition of CaC^ to the buffer had no effect on the shape of either 
the activity or the total calcium elution profiles. A similar result 
was found for Ca^5ci2-serum mixtures eluted from a Sephadex G-10 column 
with an ammonium acetate buffer, pH 5*0, containing added CaCl2« Under 
these latter conditions, calcium binding to urinary macromolecules has 
been shown to take place (Zarembski and Hodgkinson, 19&9)-
When a Ca^ci2 -serum mixture was eluted from a Sephadex G-10 column 
with a pH 8.5 borate buffer containing CaCl2, the activity emerged at an 
elution volume greater than that of both Ca^ alone and tritiated water. 
Since the elution volume of tritiated water can be regarded as a measure 
of the sum of the void plus the inner volume of the gel bed (Yoza and 
Ohashi, 1969), calcium must have been adsorbed to the gel matrix in the 
presence of serum. Thus, although calcium binding to serum proteins is
enhanced, at a higher pH (see Chapter l), once again no calcium,neither 
endogenous nor added CalcjLum-49> was found in conjunction with the eluted 
serum proteins. Consequently, the calcium-protein complex must have 
dissociated during its passage through Sephadex G-29 and G-10 gels.
Sephadex has been applied successfully to the separation of 
free and protein-bound trace elements in serum. For example, Barber 
et al. (1963) and Nielsen (1968) have shown that, following the addition 
of Iron-99 to serum, the excess iron can be separated from protein-bound 
iron by gel filtration in the determination of unsaturated iron-binding 
capacity. Similar studies have been carried out with Indium-114m 
(Hosain et al., 19&9)* Sephadex has also been used to separate free from 
protein-bound Chromium-91 (Van Tongeren and Majoor,. 19&6), Yttrium-99 
and Cerium-144 (Ekman et al., 19&1) and Iodine-131 (Bill et al., i960).
Nevertheless, in the series of experiments reported here, no
)
calcium was eluted from Sephadex in conjunction with serum proteins.
The results thus support the contention of Vallee (19&4) that Sephadex 
disrupts all but the most stable ion-protein complexes.
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Charter A.
Continuous Flow Dialysis in the Separation of 
Protein-Bound Calcium from Serum
Introduction
Dailysis is, essentially, ultrafiltration without an applied 
external pressure. In continuous flow dialysis two flowing streams, 
the diluent and recipient streams, are separated by a semipermeable 
membrane. Such an arrangement is an integral part of the Technicon 
Auto-Analyzer In which electrolytes and enzymes can be separated from 
high molecular weight serum proteins by means of dialysis across the 
membrane. The uialysed substances are then measured in the recipient 
stream by a variety of techniques.
It has been suggested (Lehr and Broglia, 19^5) that the 
Auto-Analyzer may provide a means for the measurement of "dialyzable" 
calcium, It was proposed that by maintaining serum at a physiological 
pH, non-protein bouna calcium could be dialyzea into a saline recipient 
stream and measured colouriraetrically. No confirmation of this proposed 
method has yet been published. In this series of experiments, the 
behaviour of Caf*^ in various buffer systems has been investigated with 
and without the presence of calcium binding proteins in the Auto-Analyzer.
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Apparatus
The flow circuit is shown diagrammatically in figure 9 (page 67)*
The air segmented diluent and recipient streams were pumped by means
of a 2 Speed Proportioning Pump (Technicon Instrument Corporation Ltd.)
through single mixing coils to either side of a Cuprophan membrane
contained within a constant temperature (37C) dialyzer bath (Technicon).
o
The membrane had a specified pore diameter of 8A and a thickness of 
12u when wet. The debubbled recipient stream was aspirated through 
an N3801A plastic scintillator flow cell positioned between the two 
photomultiplier tubes of a modified single sample liquid scintillation 
spectrometer (see Chapter 2). The output from the coincidence control 
unit was fed through a ratemeter (Phillips, FW4242). to a single channel 
pen recorder (Technicon) modified to behave as a 100 mV potentiometric 
recorder.
Ultrafiltration of serum was carried out using an Amicon 
ultrafiltration cell, model 401, with a PM30 membrane.
Hydrogen ion 'and total calcium concentrations were measured as 
described in Chapter 3.« Total protein concentrations were measured 
by a standard Auto-Analyzer technique.
Materials and Methods .
Borate (0.1M H^BO^ in 0.1M KC1 and 0.IN NaOH), tris-maleate 
(0.2M tris acid maleate and 0.2N NaOH) and veronal acetate (VyM» sodium 
acetate in barbital sodium and 0.IN HCl) buffers, all made up in
NaCl (0.9 g/100 ml) , were used where indicated in the following experiments.
Ca^ci2 was diluted with CaCl2 to give the required specific 
activities. For each experiment, the C a ^ C ^  and CaCl2 solutions were 
made up in the appropriate buffer.
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Preliminary Experiments . "
Preliminary experiments were carried out to determine the
'■ 45 -variations in trans-membrane distribution of Ca produced;by changes 
in both buffer flow rate and pH. Manifolds, with nominal diluent 
stream flow rates varying from 0.1 to 10.0 ml/min, were designed so 
that the concentration of CaCl2 in the diluent stream was approximately 
the same for each manifold. A typical manifold is shown in figure 9* 
Ca^ci^ (10.2 uc Ca^: 2 ug CaCl2 per ml) and CaCl2 (90 ug per ml)
were made up in buffer (Tris-Maleate, pH 7*4). For each manifold, 
the recorded count rate in the recipient stream was allowed to .reach 
a plateau with a ratemeter time constant of 100 seconds. The diluent 
stream was then collected in a universal container. With the flow cell 
disconnected from the debubbler, the collected diluent stream aliquot 
was aspirated through the cell. The trans-membrane distribution of 
Ca^ -5 was expressed as a ratio of the recorded plateau recipient stream 
count rate (Rp) to that of the diluent stream (Dp).
The distribution of Ca^ -5 (5.1 uc Ca^ -5: 25 ug CaCl2 per ml) across
the membrane was then measured in the manifold shown in figure 9 for 
all three buffers, each at various hydrogen ion concentrations. The 
diluent stream pH was measured on the collected aliquot in each 
experiment. f
Calcium-Serum Experiments
Serutn pools were obtained as previously described (see Chapter 5).
The distribution of C a ^  across the membrane was measured under the same 
conditions as above with the CaCl2 pump tube aspirating serum (90 ug per ml) 
instead of CaClg.
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The trans-membrane distribution of Ca^5 was compared with the 
measured ultrafilterab]e calcium for two serum samples of equal protein 
concentration" but different total calcium concentrations# Approximately 
100 ml of serum was divided into two equal aliquots. 0 .2 ml CaCl2 
(500 mg?o) was added to the first and 0.2 ml deionised water to the 
second. The total calcium and total protein concentrations, were then measured 
for each aliquot. 30 ml. of each solution was then ultrafiltered under 
nitrogen pressure (100 lbs/sq. in) at room temperature. The first few 
ml. of ultraf iltrate were discarded# The following 5 ml. was collected 
and the calcium concentration determined. The trans-membrane distributions 
for the remainder of each aliquot were then measured in the manifold of 
figure 9. The pH of the borate buffer, 8;1, was the same as that of 
the serum samples prior to ultrafiltration.
Calcium-Protein Experiments
Solutions of casein (Hammersten) and albumin (Human, Cohn fraction 3) 
were made up in borate^ buffer, pH 8.6, to a concentration of 3g per 100 ml. 
and the calcium concentration of each solution was measured. Calcium- 
protein solutions were made up to contain 10, 40, 70 and 100 ug CaCl2 per ml. 
by adding the appropriate quantity of CaClg in 1 ml. of buffer to 13 nil. 
of each protein solution. The trans-membrane distribution of Ca^ -5 was 
then measured for each calcium-protein solution.
The rate of equilibration of calcium added to a calcium-albumin 
solution was investigated in the following experiment. Two 16 ml. aliquots 
(A and B) of the above albumin solution were incubated in a water bath at 
37C for approximately 4 hours with constant agitation, one with 0.2 ml 
CaCl2 (21.6 mg/ml) and the other with 1 ml. C a ^ C ^  (3*6 uc Ca^5, 11 Ug
CaCl2 per ml). Immediately before measuring the trans-membrane distribution
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of C a ^  Ca^ci2 and CaCl2 respectively were added to the two incubated 
aliquots so that the final specific activity in each solution was the 
same. The incubation time in the constant temperature Dialyzer bath 
was of the order of 5 minutes.
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Results
Preliminary Experiments
The trans-membrane distribution of Ca^ as a function of flow 
rate is shown in figure 10 (page 7 2). It can be seen that at a nominal
diluent stream flow rate of O.65 ml/min., the plateau recipient stream
count rate is approximately half that of the diluent stream.
The ratio Rp/Dp is shown in figure 11a (page 73) for various 
diluent stream hydrogen ion concentrations in each of the three buffers.
At a diluent stream pH of 8.5, the ratios were 0.52 (Tris-Maleate),
0.6l (Veronal-Acetate) and 0.62 (Borate).
Calcium-Serum Experiments
The ratio Rp/Dp in the presence of serum is shown in figure lib 
(page 73), again for various diluent stream hydrogen ion concentrations 
in each of the three buffers. At a diluent stream pH of 8.5, the ratios 
were 0.38 (Tris-iValeate), 0.39 (Veronal-Acetate) ana 0.37 (Borate).
The calcium distributions for the two serum aliquots measured by 
ultrafiltration and continuous flow dialysis are shown in Table 9 (page*. 74). 
It can be seen that the percentage of the serum calcium which was protein 
bound was approximately the same for the two serum aliquots. The Rp/Dp 
ratios were 0.40 and 0*38.
Calcium-Protein Experiments
The ratio Rp/Dp as a function of the sample CaCl2 concentration is 
shown in figure 12 (page 75) for CaClg and,for the two protein solutions.
At a CaCl2 concentration of 90 ug/ml, the ratios were 0.58 for CaCl2,
0.36 for albumin and 0.24 for casein. .
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The ratios for the two incubated albumin solutions A and B 
were 0.40 and 0.42 respectively. The ratio for the same sample 
concentration of CaC^ alone was 0.63.
Discussion.
At a given diluent stream pH, the trans-membrane distribution of 
C a ^  varied considerably between the three buffers examined. Since 
calcium is known to form chelates with a wide variety of organic 
substances, these inter-buffer variations probably arose through the 
formation of calcium complexes having different rates of diffusion across 
the membrane. Neuman and Neuman (1958) have listed the formation constants 
for many known calcium complexes, some of which are shown in Table 10 
(page 78 ).
The distribution of Ca^ -5 across the membrane was approximately 
constant in each buffer over the pH range studied. However, in the 
presence of serum, the distribution changed rapidly in each buffer as 
the diluent stream pH increased above about 7*5* Since the ionic strength 
and total calcium concentrations were the same for each series of 
experiments, the reduction in the diffusion of Ca^ across the membrane 
was mediated through the presence of the serum proteins. Calcium binding 
to serum proteins is known to increase as the pH rises (see Chapter l). 
Consequently, the observed changes are compatible with the concept of 
equilibration of added Ca^ (i.e. exogenous calcium) with endogenous 
protein and non-protein bound calcium leading to a reduction in diffusion 
of activity across the membrane.
This interpretation is supported by the similar Rp/Dp ratios 
obtained for the two serum samples of identical protein concentration but 
having different calcium concentrations. It was shown by ultrafiltration 
that the percentage of the total serum calcium bound to proteins was 
essentially the same for each sample.
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The results of the calcium-protein experiments also support 
this conclusion. The Rp/Dp ratio for casein was approximately 60^ of 
that for albumin over the calcium concentration range studied. As 
casein is known to bind more calcium per gram of protein than albumin 
(Neuman and Neuman, 1958), the diffusion of exongenous calcium across 
the dialyzer membrane would be expected to be more restricted in the 
presence of casein.
The similarity of the trans-membrane distribution of C a ^  for the 
two calcium-albumin solutions supports the conclusion reached in Chapter 
1 that the equilibration of calcium with protein is a rapid reaction.
Since the binding of calcium to proteins is governed by the Law 
of Mass Action, dilution of serum or protein solutions in the diluent stream 
of the Auto-Analyzer will promote the dissociation of calcium proteinate. 
Dissociation will proceed further as calcium ions diffuse across the 
membrane into the recipient stream. The above results indicate that 
dissociation was not complete in this system since significant differences 
in Rp/Dp ratios were demonstrated for proteins known to have different 
calcium binding affinities. Also, the variation of the Rp/Dp ratio in 
the presence of serum with changes in the diluent stream pH agreed with 
the established pattern of pH dependent calcium-protein binding.
Clearly, an ideal system would be one in which calcium proteinate 
does not dissociate. Whilst the ideal cannot be achieved with 
continuous flow dialysis since diffusion of calcium ions into the 
recipient stream leads to dissociation, the present system could be 
improved considerably. The dilution of the serum sample with buffer 
could be eliminated by replacing the air segmentation of the diluent
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stream with a suitable CC^-C^ mixture. The quantity of calcium diffusing 
across the membrane could be reduced by increasing the stream flow rates; 
adequate count rates could still be obtained with high specific activity 
Ca^5. It may also be possible to compensate for the diffusion of calcium 
from the diluent to the recipient stream by means of a suitable concen­
tration of CaCl2 in the recipient stream. Finally, direct measurements 
of "dialysable” calcium may be obtained by replacing the continuous 
aspiration of Ca^ with intermittent sampling of both serum and Ca^.
F u r t h e r  w o r k  along t h e  l i n e s  outlined above may lead to the development 
of a s y s t e m  i n  w h i c h  t h e  d i a l y s a b l e  calcium of a test serum sample could 
be m e a s u r e d  b y  c o m p a r i s o n  w i t h  t h a t  of a'normal reference serum.
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